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The topic of the thesis is the mechanisms of cellular volume regulation in the rat retina. 
Müller cells as main macroglial cells of the retina are supposed to play important roles in the 
regulation of the retinal ion- and osmohomeostasis and, thus, in the regulation of the 
extracellular space volume. In the first part of the thesis, signaling pathways were determined 
which are involved in the regulation of the volume of Müller glial cells and bipolar cells, the 
main second-order cells of the retina, in the healthy rat retina. The topic of the second part of 
the thesis is the evaluation of gliotic alterations of Müller cells in a transgenic rat model of 
retinal degeneration (CMV-PKD21/703 HA rats), in order to obtain indications for a pathogenic 
role of reactive glial cells in the development of retinal degeneration and edema. Various 
methods were used including immunohistochemical stainings, real-time RT-PCR, patch-
clamp recordings, and cell swelling experiments. The data suggest that both neurons and 
reactive Müller cells may contribute to formation of retinal edema. In contrast to Müller cells, 
bipolar cells are apparently not capable to regulate the extracellular space volume in the 
healthy retina. However, reactive Müller cells are impaired in their capability to regulate 
retinal water and ion homeostasis. Impaired regulation of the extracellular space volume may 
result in neuronal hyperexcitation and degeneration. 
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Preface 
The vertebrate retina is a part of the central nervous system (CNS) and evolves from the 
diencaphalon. The retina as light-sensitive tissue covers the back of the eye ball. The retina is 
responsible for photoreception and transduction of light energy into neuronal activity, and for 
initial stages of visual processing and integration according to the environmental light 
conditions. The visual information is then transferred through the optic nerve to the brain. The 
vertebrate retina is inverted; light has to pass all retinal layers before it arrives the light-
sensitive photoreceptor cells. The retina consists of several layers and cell types (Fig. 1). 
 Müller cells are the major macroglial cells in the retina; their somata are located in the 
inner nuclear layer (INL). Müller cells as radial glial cells span the entire thickness of the 
neuroretina, from the vitreous body to the subretinal space. Their processes ensheath virtually 
all photoreceptor cell bodies and synapses, neuronal somata, processes, and synapses, as well 
as blood vessels. 
 
Fig. 1: The vertebrate retina consists of several layers including ganglion cell layer (GCL), inner (IPL) and outer 
(OPL) plexiform layers, inner (INL) and outer (ONL) nuclear layers, the photoreceptor segment (PRS) layer, and 
the retinal pigment epithelium (RPE). A variety of cell types are present in the retina including light-sensitive 
photoreceptor cells (rods, R; cones, C), neurons (bipolar cells, B; amacrine cells, A; horizontal cells, H; ganglion 
cells, G), and glial cells (Müller cells, M; astrocytes, AG; microglial cells, MG). Vascularized retinas contain 
also blood vessels (V) with pericytes (P). 
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The Müller glial cell – a multifunctional cell 
Müller glial cells fulfil various functions in the retina. They provide energy substrates to 
neurons and remove metabolic waste (Tsacopoulos and Magistretti 1996). They take up 
neurotransmitters, in particular glutamate, by various glutamate uptake carriers to prevent 
neurons from excitotoxicity (Derouiche and Rauen 1995; Otori et al. 1994; Rauen et al. 1996, 
1998). In Müller cells, glutamate is rapidly converted to glutamine by the enzyme glutamine 
synthetase, is utilized for the production of the antioxidant glutathione (Reichelt et al. 1997), 
and is used as substrate in other biochemical pathways that produce fuel for the oxidative 
metabolism of retinal neurons (Bringmann et al. 2009). Müller cells release glutamine as 
precursor for the synthesis of glutamate and -aminobutyric acid (GABA) in retinal neurons 
(Pow and Crook 1996). 
 Müller cells remove carbon dioxide produced by neurons (Newman 1994) and 
regulate extracellular pH resulting in a protection of neurons against over-excitation 
(Reichenbach and Bringmann 2013). 
 Müller cells maintain the inner blood-retinal barrier (Tout et al. 1993) and regulate the 
retinal blood flow thereby contributing to neurovascular coupling (Metea and Newman 2006). 
Furthermore, Müller cells provide an anti-proliferative environment for retinal vascular 
endothelial cells and thus inhibit pathological neovascularisation (Eichler et al. 2004; Yafai et 
al. 2004). 
 Müller cells act as living optical fibers guiding light through the inner retinal layers 
towards the photoreceptors (Franze et al. 2007). They maintain mechanical tissue homeostasis 
because they are softer as the surrounding neurons, and thus protect the tissue in cases of 
mechanical trauma. Soft Müller cell processes may also serve as a suitable substrate for 
neurite growth (Lu et al. 2006). However, when Müller cells become reactive, e.g., during 
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ischemia-reperfusion, their stiffness increases which may impair neurite growth and neuronal 
regeneration (Lu et al. 2011). Müller cells are capable to sense mechanical tissue 
deformations by calcium-dependent mechanisms (Lindqvist et al. 2010). 
 Müller cells function as multipotent retinal stem cells that generate photoreceptors and 
neurons after retinal injury (Bernardos et al. 2007; Das et al. 2006; Roesch et al. 2008). After 
injury, Müller cells rapidly dedifferentiate, proliferate and generate neural stem cells which 
migrate to the damaged retinal layer and differentiate into lost neurons (Fischer and Reh 
2001; Ooto et al. 2004). This neurogenic program is fully retained in Müller cells of cold-
blooded vertebrates, while Müller cells of adult homeothermic vertebrates have only a limited 
potential of transdifferentiation into photoreceptors and neurons.  
 Müller cells regulate the retinal osmotic and ionic homeostasis through a transcellular 
K
+
 and water transport (Bringmann et al. 2004, 2006; Kofuji und Newman 2004; Nagelhus et 
al. 2004). This phenomenon is called spatial K
+
 buffering or K
+
 siphoning (Newman et al., 
1984). The asymmetric distribution of K
+
 channels across the Müller cell membranes allow 
K
+
 uptake from extracellular spaces with increased K
+
 levels (source), and a simultaneous 
release of K
+
 through endfoot membranes which contact the vitreous, blood vessels, and the 
subretinal space (sink). Due to osmotical reasons ion currents are associated with water 
movements. Transmembrane water fluxes are facilitated by aquaporins (Preston et al. 1992). 
Müller cells take up excess extracellular K
+
 via inwardly rectifying K
+
 (Kir) channels, in 
particular strongly rectifying Kir2.1 channels, and release K
+
 through weakly rectifying 
Kir4.1 channels (Fig. 2; Bringmann et al. 2006; Kofuji et al. 2000, 2002; Kofuji and Newman 
2004). The colocalization of aquaporin-4 (AQP4) and Kir4.1 channels in Müller cell 
membranes suggests a coupling of the transglial K
+
 and water transport (Nagelhus et al. 1999, 
2004). The transglial K
+
 and water transport may have also importance for the regulation of 
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the Müller cell volume and the prevention of Müller cell swelling under anisoosmotic 
conditions. 
 
Fig. 2: The polarized distribution of distinct K
+
 channel subtypes in Müller cell membranes allow spatial 
buffering K
+
 currents through the cells. Left - Distribution of two different K
+
 channels: strongly rectifying 
Kir2.1 channels (blue; unidirectional arrows) have contact to perineuronal extracellular spaces and mediate K
+
 
influx into the Müller glial cell, whereas weakly rectifying Kir4.1 channels (red; bidirectional arrows) are 
predominantly expressed in membranes which contact extraretinal fluid-filled spaces (vitreous, blood vessels, 
subretinal space) and mediate K
+
 in- and efflux in dependence on the momentary neuronal activity. Right – The 
scheme illustrates K
+
 siphoning from the sources in the IPL and OPL into the vitreous as the sink, and the 
backflow through the extracellular space (ECS; green). Modified after Kofuji et al. (2002). 
 Müller cells are capable to release gliotransmitters, in particular ATP, adenosine and 
glutamate, which have either excitatory (glutamate, ATP) or inhibitory (adenosine) effects on 
retinal neurons (Housley et al. 2009; Newman 2003, 2004a, 2004b). Additionally, 
gliotransmitters have autocrine effects, i.e., they regulate the Müller cell volume by activation 
of a glutamatergic-purinergic signaling cascade. During intense neuronal activity, the 
extracellular fluid becomes hypoosmotic due to the rapid ion flux into neuronal synapses 
Introduction 
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(Dmitriev et al. 1999); this is associated with a swelling of neuronal cell bodies and synapses 
(Uckermann et al. 2004). If uncompensated, the neuronal cell swelling will result in a 
decrease of the extracellular space volume which causes neuronal hyperexcitation (Dudek et 
al. 1990; Chebabo et al. 1995). Müller cells are capable to maintain their volume despite the 
decrease in the osmolarity of the extracellular fluid which rather favors water influx and 





glutamate. Müller cells posses at least two mechanisms that prevent osmotic swelling: rapid 
transmembrane K
+
 currents through Kir4.1 channels which allow ion in- and efflux in 
dependence on the momentary osmotic conditions, and autocrine activation of a volume-
regulatory endogenous signaling cascade. The swelling-inhibitory signaling cascade is 
activated by growth factors like vascular endothelial growth factor (VEGF). Growth factor 
receptor activation induces an exocytotic release of glutamate which activates metabotropic 
glutamate receptors (mGluR). This triggers a release of ATP which is extracellularly 
converted to ADP by ectonucleotidase NTPDase2. ADP activates P2Y1 receptors which 





 channels in the Müller cell membrane. The ion efflux osmotically 
draws water out of the cell and thus prevents cell swelling (Fig. 3; Uckermann et al. 2006; 
Wurm et al. 2008, 2009, 2010). 
 Müller cell-derived glutamate can be released nonvesicularly (Attwell et al. 1993) and 
via vesicular exocytosis (Brückner et al. 2012; Wurm et al. 2008; Slezak et al. 2012). Under 
pathological conditions, glutamate can have cytotoxic effects on neurons; in the normal retina 
glia-derived glutamate may induce a swelling of neuronal cell bodies in the GCL by 















Fig. 3: Müller glial cells possess an autocrine 
volume-regulatory glutamatergic-purinergic 
signaling cascade that inhibits cellular swelling 
under hypoosmotic conditions. 
 Müller cells are also capable to release D-serine as an effective coagonist at the 
glycine-binding site of N-methyl-D-aspartate (NMDA) glutamate receptors, and participate in 
controlling the excitability of neurons (Miller 2004). 
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Volume homeostasis 
In the healthy retina, intense neuronal activity is associated with osmotic tissue stress and 
alterations in neuronal cell volume. Because ion currents are osmotically coupled to water 
fluxes (Bringmann et al. 2005), and because neuronal activity causes a decrease in 
extracellular osmolarity (Dudek et al. 1990; Dmitriev et al. 1999), intense neuronal activity is 
associated with a volume increase of retinal neurons (Uckermann et al. 2004). If glial cells 
contribute to the volume homeostasis of the extracellular space, they should not swell under 
hypoosmotic conditions which are also associated with an uptake of neuron-derived 




-glutamate. Indeed, it was found that Müller glial cells maintain 
their volume under hypoosmotic conditions (Uckermann et al. 2006; Wurm et al. 2008). In 
animal models of various ischemic-hypoxic and inflammatory retinal diseases, e.g., diabetic 
retinopathy, Kir4.1 channels in Müller cells are downregulated and/ or functionally 
inactivated (Bringmann et al. 2004). The loss of Kir4.1-mediated K
+
 currents impairs the 
retinal K
+
 homeostasis and will also compromise the transglial water transport. This is 
associated with an impaired capability of cell volume regulation; Müller cells in 
pathologically altered retinas display cellular swelling under hypoosmotic conditions 
(Pannicke et al. 2004; Bringmann et al. 2005). The osmotic swelling of Müller cells may 
contribute to the decrease of the extracellular space volume and may result in neuronal 
hyperexcitation and degeneration. In the healthy retina, hypoosmotic Müller cell swelling can 
be induced by administration of barium ions which block Kir channels (Pannicke et al. 2004; 
Krügel et al. 2010; Wurm et al. 2009). 
 In various retinal diseases, i.e., ischemia-reperfusion, inflammation, and diabetic 
retinopathy, Müller cells become gliotic (Pannicke et al. 2004, 2005, 2006). Reactive Müller 
cells display altered functional properties which involve, for example, upregulation of the 
intermediate filaments nestin, vimentin and glial fibrillary acidic protein (GFAP), and (under 
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ischemic and inflammatory conditions) downregulation/ inactivation of K
+
 channels 
(Bringmann et al. 2006). The downregulation of functional K
+
 channels will be associated 
with an impaired Müller cell volume regulation and will disturb the retinal K
+
 and water 
homeostasis, which may contribute to the development of retinal edema (Bringmann et al. 
2004).  
 There are two main mechanisms of edema formation in the neural tissue which occur 
mostly simultaneously: vasogenic edema is caused by a hyperpermeability of blood vessels 
resulting in extracellular water accumulation, and cytotoxic edema is characterized by water 
accumulation within cells leading to cell swelling with subsequent cellular degeneration. K
+
 
and water accumulation in Müller cells after downregulation of functional K
+
 channels may 
cause swelling of the cells and thus contributes to the development of cytotoxic edema in the 
retina. 
 Diabetic retinopathy is characterized by vascular changes, retinal neurodegeneration, 
and edema. Müller cells of diabetic rats display altered osmotic swelling properties resulting 
from the downregulation of functional K
+
 channels (Pannicke et al. 2006). Vascular changes 
and neurodegeneration is also observed in the retina of transgenic rats that express a truncated 
human polycystin-2 protein selectively in photoreceptor cells (Gallagher et al. 2006). Retinal 
degeneration in transgenic rats is characterized by shrunken ONL and PRS in 3-months-old 
animals (Gallagher et al. 2006), progressively reduced retinal thickness with age, apoptosis of 
photoreceptor cells from the first month, with a maximum in 3-months-old animals; these 
changes are associated with glial activation and an increase in numbers of acellular capillaries 
(vasoregression) in 2-months-old animals compared to control rats (Feng et al. 2009). 
However, it is not known whether Müller cells display gliotic changes which may contribute 
to the degeneration of the retina of transgenic rats.  
 In addition to water accumulation in Müller glial cells, shown in experiments with 
various animal models with retinal neurodegeneration (Pannicke et al. 2004, 2005, 2006; 
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Iandiev et al. 2006a), but also in human tissue (Grosche et al. 2012), there may be water 
accumulation in retinal neurons resulting in neuronal apoptosis (Bringmann et al. 2005). 
 There is limited knowledge regarding the mechanisms of osmotic swelling of retinal 
neurons and Müller cells. It has been shown that glutamate induces a swelling of neuronal 
cells in the GCL and INL (mainly by activation of AMPA/ kainate receptors; Uckermann et 
al. 2004), whereas it inhibits a swelling of Müller glial cells (Uckermann et al. 2006). This 
suggests the presence of different mechanisms of swelling induction and inhibition in 
neuronal and glial cells. The hypoosmotic swelling of Müller cells was shown to be caused by 
induction of intracellular oxidative stress and formation of inflammatory lipid mediators such 
as arachidonic acid and prostaglandins (Pannicke et al. 2005). However it is unclear whether 
these mechanisms are generally involved in the induction of osmotic Müller cell swelling, 
whether other neurons besides retinal ganglion cells show a glutamate-induced swelling, and 
whether or not retinal neurons swell under hypoosmotic conditions. Because neuronal and 
Müller cell swelling contributes to the formation of retinal edema, evaluation of the 
mechanisms of glial and neuronal cell swelling induction and inhibition is important in order 
to find new molecular targets for the development of pharmacological therapies of retinal 
edema. 
In the present thesis the following questions should be answered in detail: 
 Do glutamate and/ or extracellular hypoosmolarity induce a swelling of bipolar cells of 
the rat retina? Which cellular mechanisms mediate a glutamate-induced and osmotic 
swelling of bipolar cells? 
 Display Müller cells of the retina of transgenic rats, which express defective human 
polycystin-2, gliotic alterations which may contribute to the retinal degeneration? It has 
been shown that the retinal degeneration of these rats is characterized by an initial 
photoreceptor degeneration which is followed by vasoregression and degeneration of 
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inner retinal neurons (Feng et al. 2009). This model is used to evaluate certain pathogenic 
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Intense neuronal activity in the retina is associated with rapid ion currents and a decrease in 
the osmolarity of the extracellular fluid that results in a swelling of neuronal somata, 
processes and synapses (Uckermann et al. 2004). The declining extracellular space volume 
may cause neuronal hyperexcitation (Dudek et al. 1990; Chebabo et al. 1995). It was found 
that Müller glial cells decrease their thickness and elongate when retinal neurons swell 
(“compensatory” reshaping; Uckermann et al. 2004). These morphological alterations limit 
volume changes of the extracellular space (Uckermann et al. 2004). In order to maintain their 
volume under hypoosmotic conditions, Müller glial cells possess a volume-regulatory 
glutamatergic-purinergic signal transduction cascade (Wurm et al. 2008, 2011; Krügel et al. 
2010). Intriguingly, glutamate induces a swelling of retinal ganglion cells (Uckermann et al., 
2004), whereas it inhibits a swelling of Müller cells (Uckermann et al. 2006). However, it is 
unknown, whether other neurons besides ganglion cells show a glutamate-induced swelling, 
whether retinal neurons swell under hypoosmotic conditions, and which mechanisms may 
mediate the glutamate-induced and hypoosmotic swelling of retinal neurons. 
 The present results show that bipolar cells, but not Müller cells, swell under 
hypoosmotic conditions and under prolonged glutamate exposure. The results of 
pharmacological experiments suggest that the hypoosmotic swelling of bipolar cells is 
mediated by sodium influx into the cells, apparently induced by activation of mGluR and 
sodium-dependent glutamate transporters. The glutamate-induced swelling of bipolar cells is 
mediated by sodium chloride influx, via NMDA- and non-NMDA glutamate receptors, 
glutamate transporters, and voltage-gated sodium channels. The results may suggest that 
Müller cells, but not bipolar cells, possess endogenous mechanisms which are involved in 
activity-dependent regulation of the extracellular space volume. The reason for this difference 
is unclear but may be explained with the assumption that (in contrast to the receptors 
expressed by Müller cell somata) the receptors expressed by bipolar cell somata are not 
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coupled to cell volume-regulatory intracellular signal transduction pathways. However, the 
contribution of the different modes of ion transport to the hypoosmotic and glutamate-induced 
swelling remains to be clarified in the future. 
 In the healthy retina, Müller glial cells maintain their volume under hypoosmotic 
conditions by rapid K
+
 currents through Kir4.1 channels (Pannicke et al., 2004). It is known 
that under ischemic-hypoxic and inflammatory conditons, Müller cells downregulate 
functional Kir channels; the downregulation of functional Kir channels results in osmotic 
swelling of the cells under hypoosmotic conditions and may impair retinal ion and 
osmohomeostasis (Bringmann et al. 2006). However, it is not known whether Müller cells 
show similar gliotic alterations during primary photoreceptor degeneration. In the second part 
of the study, the characteristics of Müller cell gliosis in the retina of transgenic rats that 
express a truncated human polycystin-2 was determined. In the retina of these animals, 
defective polycystin-2 is expressed selectively in photoreceptor cells. The presence of a 
defective polycystin-2 causes polycystic kidney disease and retinal degeneration (Gallagher et 
al. 2006). Retinal degeneration in transgenic rats is characterized by primary photoreceptor 
cell death associated with glial activation, and secondary vasoregression and degeneration of 
inner retinal neurons (Feng et al. 2009). This transgenic animal model can be considered as 
model for diabetic retinopathy, one of the most important diseases leading to blindness 
through a formation of macular edema (Bresnick 1983; Thylefors et al. 1995). The 
pathogenesis of the degeneration of inner retinal neurons in these rats is unclear; it is 
conceivable that the primary photoreceptor degeneration induces Müller cell gliosis, and that 
dysfunction of gliotic Müller cells may contribute to the degeneration of inner retinal neurons. 
As mentioned above, upregulation of intermediate filaments (vimentin, nestin, GFAP) and 
downregulation of K
+
 channels are characteristics of Müller cell gliosis. However, in some 
retinal degenerative diseases, GFAP is upregulated, but K
+
 conductance is unaffected (Bolz et 
al. 2008; Iandiev et al. 2006b, 2008). 
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 The present results show that Müller cells of transgenic rats display an upregulation of 
intermediate filaments, but only a moderate decrease in the Kir channel-mediated K
+
 
conductance. Because downregulation of functional Kir channels is known to impair the 
volume regulation of Müller cells (see Introduction section), it was investigated whether 
Müller cells of transgenic rats display alterations in their osmotic swelling characteristics. The 
data show that Müller cells of transgenic rats are more susceptible to osmotic stress, i.e., they 
display cellular swelling during exposure to hypoosmotic solution which is not observed in 
cells from control animals. The swelling of Müller cells indicates that the transglial water 
transport is altered in retinas of transgenic animals as compared to control. The swelling of 
Müller cells of transgenic rats is mediated by oxidative-nitrosative stress, dysfunction of 
mitochondria, and the production of inflammatory lipid mediators; all of these factors may 
contribute to dysfunction of Müller cells. Metabolites of arachidonic acid, as well as 
oxidative-nitrosative stress, have been shown to induce neurovascular injury in the retina 
(Hardy et al. 2005; Neufeld et al. 2002). The data suggest that reactive Müller cells play a role 
in the propagation of the initial photoreceptor degeneration to the neuronal and vascular 
damage in the inner retina - via a disturbed K
+
 and water homeostasis, and osmotically 
induced generation of reactive oxygen and nitrogen radicals and inflammatory lipid 
mediators. 
 Swelling of both neurons and reactive Müller cells may contribute to the formation of 
retinal edema. Müller cells, but not retinal neurons are capable to maintain their volume under 
hypoosmotic conditions; this suggests that Müller cells, but not neurons, regulate the 
extracellular space volume in the retina. However, reactive Müller cells lose their capability to 
maintain their volume under hypoosmotic coditions and downregulate functional Kir channels 
resulting in disturbed retinal water and K
+
 homeostasis. These gliotic alterations may 
contribute to hyperexcitation and degeneration of inner retinal neurons following primary 
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Neuronal activity is associated with rapid ion and water fluxes which cause osmotic stress. 
Müller cells as main macroglial cells of the retina are supposed to play important roles in the 
regulation of the retinal ion- and osmohomeostasis and, thus, in the regulation of the 
extracellular space volume. In the first part of the thesis, signaling pathways were determined 
which are involved in the regulation of the volume of Müller glial cells and bipolar cells, the 
main second-order cells of the retina, in the healthy rat retina. The topic of the second part of 
the thesis is the evaluation of gliotic alterations of Müller cells in a transgenic rat model of 
retinal degeneration (CMV-PKD21/703 HA rats), in order to obtain indications for a pathogenic 
role of reactive glial cells in the development of retinal degeneration and edema. 
 Regulation of the extracellular space volume is of great importance to avoid changes 
in neuronal excitability. Intense neuronal activity is associated with osmotic stress and cell 
volume alterations in the healthy retina. Because neuronal activity is associated with coupled 
ion and water fluxes into the cells and a decrease of extracellular osmolarity, the volume of 
activated neurons increases. If glial cells contribute to the volume homeostasis of the 
extracellular space, they should not swell under hypoosmotic conditions which are also 





it was found that Müller glial cells maintain their volume under hypoosmotic conditions. In 
animal models of various ischemic-hypoxic and inflammatory retinal diseases, e.g., diabetic 
retinopathy, Kir4.1 channels in Müller cells are downregulated and/or functionally 
inactivated. The loss of Kir4.1-mediated K
+
 currents impairs the retinal K
+
 homeostasis and 
will also compromise the transglial water transport. This is associated with an impaired 
capability of cell volume regulation; Müller cells in pathologically altered retinas display 
cellular swelling under hypoosmotic conditions. The osmotic swelling of Müller cells may 
contribute to the decrease of the extracellular space volume and may result in neuronal 
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hyperexcitation and degeneration. In the healthy retina, hypoosmotic Müller cell swelling can 
be induced by administration of barium ions which block Kir channels. 
 In various retinal diseases, i.e., ischemia-reperfusion, inflammation, and diabetic 
retinopathy, Müller cells become gliotic. Reactive Müller cells display altered functional 
properties which involve, for example, upregulation of the intermediate filaments nestin, 
vimentin and glial fibrillary acidic protein (GFAP), and (under ischemic and inflammatory 
conditions) downregulation/inactivation of K
+
 channels. The downregulation of functional K
+
 
channels will be associated with an impaired Müller cell volume regulation and will disturb 
the retinal K
+
 and water homeostasis, which may contribute to the development of retinal 
edema. 
 In addition to water accumulation in Müller glial cells, shown in experiments with 
various animal models with retinal neurodegeneration, but also in human tissue, there may be 
water accumulation in retinal neurons resulting in neuronal apoptosis.  
 There is limited knowledge regarding the mechanisms of osmotic swelling of retinal 
neurons and Müller cells. It has been shown that glutamate induces a swelling of neuronal 
cells in the GCL and INL (mainly by activation of AMPA/ kainate receptors), whereas it 
inhibits a swelling of Müller glial cells. This suggests the presence of different mechanisms of 
swelling induction and inhibition in neuronal and glial cells. The hypoosmotic swelling of 
Müller cells was shown to be caused by induction of intracellular oxidative stress and 
formation of inflammatory lipid mediators such as arachidonic acid and prostaglandins. 
However it is unclear whether these mechanisms are generally involved in the induction of 
osmotic Müller cell swelling, whether other neurons besides retinal ganglion cells show a 
glutamate-induced swelling, and whether or not retinal neurons swell under hypoosmotic 
conditions. Because neuronal and Müller cell swelling contributes to the formation of retinal 
edema, evaluation of the mechanisms of glial and neuronal cell swelling induction and 
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inhibition is important in order to find new molecular targets for the development of 
pharmacological therapies of retinal edema. 
 In the present thesis following questions should be answered in detail: 
 Do glutamate and/ or extracellular hypoosmolarity induce a swelling of bipolar cells of the 
rat retina? Which cellular mechanisms mediate a glutamate-induced and osmotic swelling 
of bipolar cells? 
 Display Müller cells of the retina of transgenic rats, which express defective human 
polycystin-2, gliotic alterations which may contribute to the retinal degeneration? It has 
been shown that the retinal degeneration of these rats is characterized by an initial 
photoreceptor degeneration which is followed by vasoregression and degeneration of 
inner retinal neurons. This model is used to evaluate certain pathogenic aspects of diabetic 
retinopathy.  
 Various methods were used including immunohistochemical staining of retinal slices, 
real-time RT-PCR of retinal tissues, patch-clamp recordings of isolated Müller cells, and cell 
swelling experiments. The cross-sectional area of Müller and bipolar cell somata was 
determined before and after superfusion of freshly isolated rat retinal slices with a 
hypoosmotic extracellular solution (60% of control osmolarity).  
 In slices of control rat retinas, bipolar cells, but not Müller cells, swell under 
hypoosmotic conditions and upon prolonged glutamate exposure. The hypoosmotic swelling 
of bipolar cells is mediated by sodium influx into the cells, apparently induced by activation 
of mGluR and sodium-dependent glutamate transporters. The glutamate-induced swelling of 
bipolar cells is mediated by sodium chloride influx, via NMDA- and non-NMDA glutamate 
receptors, glutamate transporters, and voltage-gated sodium channels. The data suggest that 
Müller cells, but not bipolar cells, possess endogenous mechanisms which are involved in 
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activity-dependent regulation of the extracellular space volume. The reason for this difference 
is unclear but may be explained with the assumption that (in contrast to the receptors 
expressed by Müller cell somata) the receptors expressed by bipolar cell somata are not 
coupled to cell volume-regulatory intracellular signal transduction pathways.  
 In the healthy retina, Müller glial cells maintain their volume under hypoosmotic 
conditions by rapid K
+
 currents through Kir4.1 channels. It is known that under ischemic-
hypoxic and inflammatory conditons, Müller cells downregulate functional Kir channels; the 
downregulation of functional Kir channels results in osmotic swelling of the cells under 
hypoosmotic conditions and may impair retinal ion and osmohomeostasis. However, it is not 
known whether Müller cells show similar gliotic alterations during primary photoreceptor 
degeneration. In the second part of the study, the characteristics of Müller cell gliosis in the 
retina of transgenic rats that express a truncated human polycystin-2 was determined. In the 
retina of these animals, defective polycystin-2 is expressed selectively in photoreceptor cells. 
The presence of a defective polycystin-2 causes polycystic kidney disease and retinal 
degeneration. Retinal degeneration in transgenic rats is characterized by primary 
photoreceptor cell death associated with glial activation, and secondary vasoregression and 
degeneration of inner retinal neurons. This transgenic animal model can be considered as 
model for diabetic retinopathy, one of the most important diseases leading to blindness 
through a formation of macular edema. The pathogenesis of the degeneration of inner retinal 
neurons in these rats is unclear; it is conceivable that the primary photoreceptor degeneration 
induces Müller cell gliosis, and that dysfunction of gliotic Müller cells may contribute to the 
degeneration of inner retinal neurons. Upregulation of intermediate filaments (vimentin, 
nestin, GFAP) and downregulation of K
+
 channels are characteristics of Müller cell gliosis. 
However, in some retinal degenerative diseases, GFAP is upregulated, but K
+
 conductance is 
unaffected.  
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 The present results show that Müller cells of transgenic rats display an upregulation of 
intermediate filaments, but only a moderate decrease in the Kir channel-mediated K
+
 
conductance. Because downregulation of functional Kir channels is known to impair the 
volume regulation of Müller cells, it was investigated whether Müller cells of transgenic rats 
display alterations in their osmotic swelling characteristics. The data show that Müller cells of 
transgenic rats are more susceptible to osmotic stress, i.e., they display cellular swelling 
during exposure to hypoosmotic solution which is not observed in cells from control animals. 
The swelling of Müller cells indicates that the transglial water transport is altered in retinas of 
transgenic animals as compared to control. The swelling of Müller cells of transgenic rats is 
mediated by oxidative-nitrosative stress, dysfunction of mitochondria, and the production of 
inflammatory lipid mediators; all of these factors may contribute to dysfunction of Müller 
cells. Metabolites of arachidonic acid, as well as oxidative-nitrosative stress, have been shown 
to induce neurovascular injury in the retina. The data suggest that reactive Müller cells play a 
role in the propagation of the initial photoreceptor degeneration to the neuronal and vascular 
damage in the inner retina - via a disturbed K
+
 and water homeostasis, and osmotically 
induced generation of reactive oxygen and nitrogen radicals and inflammatory lipid 
mediators.  
 Osmotic swelling of both neurons and reactive Müller cells may contribute to the 
formation of retinal edema. Müller cells, but not retinal neurons are capable to maintain their 
volume under hypoosmotic conditions; this suggests that Müller cells, but not neurons, 
regulate the extracellular space volume in the retina. However, reactive Müller cells lose their 
capability to maintain their volume under hypoosmotic coditions and downregulate functional 
Kir channels resulting in disturbed retinal water and K
+
 homeostasis. These gliotic alterations 
may contribute to hyperexcitation and degeneration of inner retinal neurons following primary 
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Neuronale Aktivität ist mit schnellen Ionen- und Wasserströmen verbunden, die osmotischen 
Stress verursachen. Müllersche Gliazellen als hauptsächliche Makrogliazellen der Netzhaut 
spielen eine wichtige Rolle bei der Aufrechterhaltung der retinalen Ionen- und 
Osmohomöostase sowie bei der Homöostase des Volumens des Extrazellularraumes. Im 
ersten Teil der vorliegenden Promotion wurde die osmotische Volumenregulation von 
Müllerzellen und Bipolarzellen (den hautsächlichen retinalen Neuronen zweiter Ordnung) in 
der gesunden Rattennetzhaut verglichen. Im zweiten Teil der Promotion wurden die 
gliotischen Veränderungen von Müllerzellen in einem transgenen Rattenmodell der 
Netzhautdegeneration (CMV-PKD21/703 HA-Ratten) untersucht, um Hinweise für eine 
pathogene Rolle von reaktiven Gliazellen bei der retinalen Degeneration und der Entstehung 
eines Netzhautödems zu finden.  
 Die Regulation der Größe des Extrazellularraumes ist wichtig, um Änderungen in der 
neuronalen Erregbarkeit zu verhindern. Neuronale Aktivität ist mit einem Einstrom von Ionen 
und Wasser in die Synapsen und mit einer Verkleinerung der extrazellulären Osmolarität 
verbunden. Dies führt zu einer Vergrößerung des Volumens der Neurone. Wenn Gliazellen 
zur Volumenhomöostase des Extrazellulärraumes beitragen, sollten sie (trotz der Aufnahme 




-Glutamat) unter hypoosmotischen Bedingungen nicht 
anschwellen. In der Tat wurde gefunden, dass Müllerzellen unter hypoosmotischen 
Bedingungen ihr Volumen konstant halten und so zur Volumenhomöostase des 
Extrazellulärraumes beitragen. In verschiedenen Tiermodellen ischämisch-hypoxischer und 
inflammatorischer Netzhauterkrankungen wie der diabetischen Retinopathie regulieren 
Müllerzellen ihre hauptsächlichen K
+
-Kanäle (Kir4.1) herunter. Dies führt zu einer Störung 
des transglialen K
+
- und Wassertransportes und beeinträchtigt die zelluläre 
Volumenhomöostase unter hypoosmotischen Bedingungen. Diese gliotischen Veränderungen 
tragen zu einer Übererregung und Degeneration retinaler Neurone bei. Eine hypoosmotische 
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Schwellung von Müllerzellen in der gesunden Rattennetzhaut kann durch Barium-Ionen 
ausgelöst werden, die Kir-Kanäle blockieren.  
 Netzhauterkrankungen sind mit einer Müllerzellgliose verbunden. Reaktive 
Müllerzellen zeigen verschiedene funktionelle Veränderungen, z.B. eine erhöhte Expression 
von Intermediärfilamenten wie Nestin, Vimentin und gliales saures fibrilläres Protein 
(GFAP), sowie (unter ischämischen und inflammatorischen Bedingungen) eine 
Herunterregulation bzw. Inaktivierung von Kir-Kanälen. Die Herunterregulation der Kir-
Kanäle beeinträchtigt die Zellvolumenregulation und stört die retinale K
+
- und 
Osmohomöostase; diese Veränderungen tragen zur Ausbildung eines Netzhautödems bei. 
Neben der Wasserakkumulation in Müllerzellen kommt es unter ischämischen und 
inflammatorischen Bedingungen zu einer Wasserakkumulation in retinalen Neuronen; dies 
führt zu einer osmotischen Schwellung und zur Apoptose retinaler Neurone.  
 Die Mechanismen der osmotischen Schwellung von retinalen Neuronen und 
Gliazellen sind wenig erforscht. Es wurde gezeigt, dass erhöhtes extrazelluläres Glutamat eine 
Schwellung der Neurone in der Ganglienzell- und der inneren nuklearen Schicht induziert 
(hauptsächlich durch die Aktivierung von AMPA-/ Kainatrezeptoren), während es die 
Schwellung von Müllerzellen inhibiert. Das deutet darauf hin, dass es in retinalen Neuronen 
und Gliazellen unterschiedliche Mechanismen der Volumenregulation und der 
Schwellungsinduktion gibt. Es wurde gezeigt, dass die osmotische Schwellung von 
Müllerzellen durch intrazellulären oxidativen Stress und die Bildung von 
Entzündungsmediatoren vermittelt wird. Es ist jedoch unklar, ob diese Mechanismen 
essentielle Wege der Müllerzellschwellung darstellen, ob andere retinale Neuronen neben 
Ganglienzellen eine Glutamat-induzierte Schwellung zeigen, und ob retinale Neurone unter 
hypoosmotischen Bedingungen anschwellen. Da eine osmotische Schwellung von retinalen 
Neuronen und Müllerzellen zur Bildung eines Netzhautödems beitragen, ist die Aufklärung 
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der Mechanismen der neuronalen und glialen Zellschwellungsinduktion und -inhibition eine 
Voraussetzung, um neue molekulare Angriffspunkte für eine zukünftige pharmakologische 
Therapie des Netzhautödems zu finden. 
 In der vorliegenden Arbeit sollten folgende Fragen beantwortet werden: 
 Induziert Glutamat und/ oder extrazellulare Hypoosmolarität eine Schwellung der 
Bipolarzellen in der Rattennetzhaut? Über welche Mechanismen wird die 
Bipolarzellschwellung vermittelt? 
 Zeigen Müllerzellen in einem transgenen Rattenmodell der Photorezeptorendegeneration 
gliotische Veränderungen, die zur Netzhautdegeneration beitragen? In diesem Tiermodell 
kommt es aufgrund der Expression eines defekten humanen Polycystin-2-Proteins zu einer 
primären Degeneration der Photorezeptoren, die sich über mehrere Monate erstreckt, 
gefolgt von einer sekundären Vasoregression und Degeneration von Neuronen der inneren 
Netzhaut. Dieses Tiermodell wird genutzt, um bestimmte Aspekte der diabetischen 
Retinopathie zu untersuchen. 
 Um diese Fragen zu beantworten, wurden verschiedene Methoden angewendet: 
immunhistochemische Färbungen von Netzhautschnitten, quantitative RT-PCR von 
Netzhautgewebe, Patch-Clamp-Untersuchungen an isolierten Müllerzellen und 
Zellschwellungsexperimente. Die Querschnittsfläche von Müller- und Bipolarzellkörpern 
wurde vor und nach einer Superfusion frisch isolierter Netzhautschnitte mit einer 
hypoosmotischen Extrazellulärlösung (60% der Kontrollosmolarität) ermittelt. 
 In Schnitten der Kontrollnetzhaut schwellen Bipolarzellen, aber nicht Müllerzellen, 
unter hypoosmotischen Bedingungen und während längerer Glutamatapplikation an. Die 
hypoosmotische Schwellung von Bipolarzellen wird durch einen Natriumeinstrom in die 
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abhängigen Glutamattransportern ausgelöst wird. Die Glutamat-induzierte Schwellung der 
Bipolarzellen wird durch einen Natriumchlorid-Einstrom bewirkt, der über NMDA- und 
Nicht-NMDA-Rezeptoren, Glutamattransporter und spannungsabhängige Natriumkanäle 
vermittelt wird. Die Daten zeigen, dass Müllerzellen, aber nicht Bipolarzellen, endogene 
Mechanismen besitzen, die aktivitätsabhängig die Größe des Extrazellulärraums regulieren. 
Der Grund für diesen Unterschied ist unklar, könnte aber damit erklärt werden, dass (im 
Gegensatz zu Rezeptoren, die von Müllerzellen exprimiert werden) die von Bipolarzellen 
exprimierten Rezeptoren nicht mit zellvolumenregulatorischen intrazellulären 
Signaltransduktionswegen gekoppelt sind.  
 In der gesunden Netzhaut sind Müllerzellen in der Lage, unter hypoosmotischen 
Bedingungen ihr Volumen konstant zu halten. Diese Volumenregulation wird durch schnelle 
K
+
-Ströme durch Kir-Kanäle bewirkt. Es ist bekannt, dass Müllerzellen unter ischämisch-
hypoxischen und inflammatorischen Bedingungen Kir-Kanäle herunterregulieren. Die 
Herunterregulation dieser Kanäle ist mit der Induktion einer Müllerzellschwellung unter 
hypoosmotischen Bedingungen verbunden und beeinträchtigt die retinale Ionen- und 
Osmohomöostase. Es ist aber nicht bekannt, ob Müllerzellen ähnliche gliotische 
Veränderungen bei einer Degeneration der Photorezeptoren zeigen. Daher wurden die 
Eigenschaften reaktiver Müllerzellen in der Netzhaut von transgenen Ratten untersucht, die 
ein defektes humanes Polycystin-2 in Photorezeptorzellen exprimieren. Das Vorhandensein 
dieses Proteins verursacht eine polyzystische Nierenerkrankung und eine 
Netzhautdegeneration. Die Netzhautdegeneration ist charakterisiert durch eine primäre 
Photorezeptordegeneration und Aktivierung von Gliazellen sowie einer sekundären 
Vasoregression und Degeneration der Neurone in der inneren Netzhaut.  
 Die Müllerzellgliose in der Netzhaut der transgene Tiere zeigt sich in der 
Hochregulation der Intermediärfilamente (Vimentin, Nestin, GFAP) sowie in einer moderaten 
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Herunterregulation funktioneller Kir-Kanäle. Da eine Herunterregulation funktioneller Kir-
Kanäle die Volumenregulation der Müllerzellen beeinträchtigt, wurde untersucht, ob die 
osmotische Schwellung der Müllerzellen in diesen Tieren verändert ist. Die Ergebnisse 
zeigen, dass die Müllerzellen der trangenen Ratten anfälliger für osmotischen Stress sind, d.h. 
sie zeigten eine Müllerzellschwellung unter hypoosmotischen Bedingungen, die nicht bei 
Zellen von Kontrolltieren beobachtet wurde. Die Schwellung von Müllerzellen deutet darauf 
hin, dass der transgliale Wassertransport bei transgenen Tieren verändert ist. Die osmotische 
Schwellung der Müllerzellen der transgenen Tiere wird durch oxidativen-nitrosativen Stress, 
Fehlfunktion der Mitochondrien und die Produktion von Entzündungsmediatoren vermittelt; 
diese pathogenen Faktoren könnten zu einer Dysfunktion der Müllerzellen beitragen. 
Metabolite der Arachidonsäure und oxidativer-nitrosativer Stress sind pathogene Faktoren 
retinaler Vaso- und Neurodegeneration. Es kann angenommen werden, dass reaktive 
Müllerzellen die Ausbreitung der Netzhautdegeneration von der äußeren in die innere 
Netzhaut vermitteln. Hierbei können verschiedene Mechanismen eine Rolle spielen wie die 
Störung der retinalen K
+
- und Osmohomöostase und die gliale Produktion von reaktiven 
Sauerstoff- und Stickstoffradikalen und von Entzündungsmediatoren.  
 Eine osmotische Schwellung von retinalen Neuronen und reaktiven Müllerzellen kann 
zur Bildung eines Netzhautödems beitragen. Müllerzellen, aber nicht retinale Neurone, sind in 
der Lage, ihr Volumen unter hypoosmotischen Bedingungen konstant zu halten. Dies führt zu 
der Annahme, dass Müllerzellen die Größe des Extrazellularraumes in der Netzhaut 
regulieren. Reaktive Müllerzellen jedoch verlieren ihre Fähigkeit zur Volumenregulation 
unter hypoosmotischen Bedingungen und regulieren ihre Kir-Kanäle herunter. Dies führt zu 
Störungen in der retinalen K
+
- und Osmohomöostase, die zur Übererregung und Degeneration 
der Neurone in der inneren Netzhaut nach der Degeneration der Photorezeptoren beitragen. 
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